Purpose of review Navicular stress fractures are common in athletes and management is debated. This article will review the evaluation and management of navicular stress fractures. Recent findings Various operative and non-operative adjunctive treatment modalities are reviewed including the relevance of vitamin D levels, use of shock wave therapy and bone marrow aspirate concentrate (BMAC), and administration of teriparatide. Surgical treatment may be associated with earlier return to sports. Summary The author's preferred treatment algorithm with corresponding images is presented which allows for safe and rapid return to activities in the athletic patient. Future research is needed in evaluating the preventative effects of vitamin D and use of other adjunctive treatments to increase the healing rates of this fracture.
Introduction/epidemiology
While rare in the general population, stress fractures of the tarsal navicular bone are frequently incurred by professional athletes. They represent 25% of all stress fractures and appear to have a predilection for young male athletes. In a study of 200 navicular stress fractures, the majority of fractures were observed in males in their mid-20s, 98.5% of whom were athletes [1•, 2]. Navicular stress fractures are associated with an extended recovery time; they accounted for only 8% of total foot injuries in a series of rugby players, but 22% of the player absence with average return to play of 188 days [3] . According to the literature, an overwhelming amount of these injuries are seen in short-distance runners and basketball players [4] [5] [6] . Navicular stress fractures are more likely in these subgroups because these athletes do a lot of jumping, rapid cutting, and explosive movements; they frequently engage in forceful push off, with frequent and repetitive loading of the forefoot [7, 8] .
Anatomy and biomechanics
Specific anatomic, vascular, and biomechanical properties predispose the navicular bone to overuse injury. The navicular is a saddle-shaped bone located between the head of the talus and the three cuneiform bones [9] . The navicular serves as an integral structural link between the midfoot and the hindfoot, allowing for force transmission and push off during gait. Moreover, the navicular provides stability to the longitudinal and transverse arches of the foot and is considered the keystone of the medial longitudinal arch [7] .
The navicular's blood supply is derived from the dorsalis pedis (dorsal navicular) and posterior tibial (plantar navicular) arteries [10•] . This arterial network enters the navicular throughout its non-articular surfaces and branches out medially and laterally, leaving the central third relatively avascular [7, 11] . A recent cadaver study identified this avascular region in a subset of specimens and suggested that perhaps patients with this anatomic variant are at increased risk for navicular stress fracture [10•] . The tarsal navicular's limited vascularity has important applications: without treatment, patients with navicular stress fractures may have difficulty healing because of the bone's limited vascular supply [4, 12] . As a result of this decreased blood flow, those with navicular stress fractures tend to experience delayed healing, high rates of nonunion, and prolonged time out of sport [13] .
The tarsal navicular's unique anatomic location subjects it to medial and lateral compression forces from the first and second metatarsocuneiform joints, respectively [9] . While the medial forces are shared with the talar head, the lateral forces are borne by the navicular alone. As a result of this unequal distribution of forces, maximum sheer stress is concentrated at the central third of the bone [7, 13] . Moreover, contraction of the tibialis posterior tendon, which inserts on the navicular's medial tuberosity, elevates the medial stress experienced by the navicular [9] . With repeated compression of the navicular, such as during running, the majority of forces are concentrated at the center of the bone, causing the navicular to be repeatedly "bent" at the avascular zone [14] [15] [16] .
The navicular's limited vascularity coupled with stress overload and heightened activity levels make this bone particularly vulnerable to stress fractures. Moreover, this type of injury is considered to be high-risk, as these same characteristics interfere with proper healing. As such, an aggressive diagnostic approach and surgical intervention are often required.
Pathogenesis and etiology
Navicular stress fractures are a type of chronic overuse injury most often seen following periods of intense exercise without adequate rest and recovery time. In such instances, the navicular bone is subjected to repetitive and continuous overload, resulting in microfractures and generating a so-called weak spot in the foot architecture. With persistent loading, a true cortical break (i.e., a stress fracture) eventually occurs [4, 13] .
Risk factors
Both intrinsic and extrinsic factors have been implicated in the pathogenesis of tarsal navicular stress fractures. Intrinsic factors include the patient's anatomy and underlying biologic processes. Factors that have been shown to increase navicular stress fracture risk include previous history of stress fracture, insufficient vascular supply, and unfavorable foot/ankle biomechanics [17] . Although females with nutritional or menstrual disorders related to the female triad are at increased risk for developing stress fractures, young male athletes tend to have a higher rate of navicular stress fracture [17] . Specific anatomic variants, such as having a short first metatarsal and a long second metatarsal, metatarsus adductus, limited subtalar motion, medial narrowing of the talonavicular joint, pes cavus, and reduced ankle dorsiflexion have all been associated with an increased risk of navicular stress fracture [16, 18] . One possible explanation for this phenomenon is that if ankle dorsiflexion is limited, the midfoot will naturally compensate with a larger excursion. Consequently, this increased motion may precipitate navicular impingement during dorsiflexion [7] . Cavus foot may be associated with increased risk of navicular fracture due to decreased shock absorption; first ray dorsiflexion osteotomy has been suggested anecdotally to help with fracture healing [19•] . Talar neck osteophytes are often seen concurrently with navicular stress fractures and may be removed at the time of surgery. There is likely some genetic predisposition in certain patients with bilateral fractures occasionally occurring in 3% [20] . A recent case series was published on a set of monozygotic twin athletes with similar navicular stress fractures [21] .
Extrinsic factors that increase the risk of navicular stress fracture include poor nutritional status, excessive training regimen (resulting in overloading and chronic fatigue), and inadequate footwear. It is especially important to evaluate for the female triad: irregular menses, eating disorders, and decreased bone mineral density. Recent research revealed that the presence of female triad-related risk factors increases female patient risk of bony stress injury, especially low bone mineral density and participation of greater than 12 h of exercise per week [22] . Furthermore, there appears to be an additive effect, with more risk factors associated with greater risk of stress reaction.
Role of vitamin D
Vitamin D levels have become an important factor in the diagnosis and treatment of stress fractures. Insufficient vitamin D limits the intestinal absorption of calcium which leads to upregulation of parathyroid hormone (PTH). This causes increased bone resorption which can result in fractures and impaired bone healing [23•] . Vitamin D also functions to upregulate the transcription of genes involved in neovascularization in areas of endochondral ossification such as a healing fracture site [24] . Vitamin D deficiency is typically characterized as serum level of 25-hydroxyvitamin D 3 of less than 20 ng/mL and insufficiency is between 20 and 31 ng/mL [25] . In a study of 723 surgical foot and ankle patients, more than half had vitamin D insufficiency; men and patients with darker skin were at greater risk for vitamin deficiency [26] . However, there is some data to suggest that Vitamin D levels decrease after a fracture indicating that the hypovitaminosis D is actually a result of the fracture rather than a risk factor [27] . Nonetheless, vitamin D deficiency is frequently seen in patients with lower extremity fractures, and Vitamin D and PTH pathways are therefore logical biological targets to improve healing and prevent fractures [28•, 29] .
Clinical evaluation
Patients typically present with complaints of poorly localized, midfoot tenderness or ill-defined soreness/cramping sensation in the foot that is aggravated by weight bearing and initiation of activity. Often, the maximum area of tenderness occurs along a nickel-sized area in the center of the proximal dorsal navicular known as the N-spot [15] . Studies demonstrated that 81% of patients with navicular stress fractures have tenderness to palpation at the N-spot [2] . This vague pain tends to be insidious in onset, and may radiate to the medial aspect of the longitudinal arch [2, 9] . Initially, athletes may only experience this pain at the beginning of activity, and engaging in certain activities (such as cutting, sprinting, pushing off, and jumping) may increase the pain; with time, however, the onset of pain during activity occurs earlier and lasts longer into rest time.
On physical examination, patients often endorse pain and tenderness along the dorsal navicular with palpation, standing on their tiptoes, and while performing a single leg hop [9, 12] . Ankle dorsiflexion and/or subtalar joint motion may also be limited [2] . Strength testing and the appearance of the foot are typically unremarkable.
Recent research has revealed that definitive diagnosis of navicular stress fracture is, on average, delayed 4 to 7 months from the onset of pain [2, 9] . Diagnosis is often made even more challenging because athletes may minimize their symptoms until the pain is unbearable, at which point the stress fracture has likely worsened. Moreover, in an attempt to reduce stresses through the midfoot and compensate for their injury, athletes may alter their gate or foot strike pattern [9] .
Classification
In an attempt to streamline prognosis and management of stress fractures, Boden developed a classification system that subdivided stress fractures into low-risk and high-risk categories [30] . Low-risk fractures have an excellent prognosis with few to no complications and successful return to sport. Diagnosis is usually made through the history and physical exam, sometimes with the addition of radiographs. The majority is successfully managed with conservative treatment, such as rest and activity restriction.
Less commonly, stress fractures may occur at an area that is considered to be high-risk. These locations "have a region of maximal tensile load in a zone of diminished blood flow that is vulnerable to stress injury, with suboptimal healing potential," like the tarsal navicular [13] . This subset has a greater risk of fracture progression, delayed healing, chronic pain, and nonunion-especially when the diagnosis is delayed. While the history and physical exam are important components of the workup, advanced imaging modalities are required for diagnosis, and more aggressive treatment is almost always necessitated.
Although they are relatively rare, they have significant implications, as they can cause significant morbidity in highperformance athletes if not diagnosed and managed properly.
To help focus treatment approach, Saxena et al. developed a tarsal navicular stress fracture classification system based on computed tomography (CT) findings [31] .
& Type I = fracture in dorsal cortex & Type II = fracture extends from dorsal cortex into navicular body & Type III = complete fracture through both cortices & Sub-classified by avascular, cystic, and sclerotic changes The navicular's limited vascularity coupled with stress overload and heightened activity levels make this bone particularly vulnerable to stress fractures. Moreover, this type of injury is considered to be high-risk, as these same characteristics interfere with proper healing. As such, an aggressive diagnostic approach and surgical intervention are often required.
Imaging
Due to the vague presentation of navicular stress fractures, imaging is a key aspect of the clinical evaluation. As such, making an accurate and timely diagnosis requires a high index of suspicion coupled with appropriate utilization of imaging techniques.
Radiographs
Routine weight-bearing radiographs (AP, lateral, and oblique) are typically the initial imaging modality of choice. However, these should not be used in isolation, as radiographs have been shown to have very low sensitivity for navicular stress fractures [9, 15] . Moreover, most navicular fractures do not involve the plantar cortex, making them difficult to identify on radiographs until osteoclastic resorption has occurred [7] . Rather, these images should be used to rule out other potential causes of medial foot and ankle pain, such as malalignment, talar neck spurring, or capsular avulsions.
Triple-phase bone scan
Given their high sensitivity and high positive predictive value in identifying these fractures, bone scans may be used to screen for navicular stress fractures [9, 32, 33] . Despite the high sensitivity, a positive bone scan is not specific for this navicular stress fracture. Moreover, bone scans lack anatomic resolution and do not provide an accurate depiction of the specific fracture pattern. As such, this imaging modality has largely been replaced by magnetic resonance imaging (MRI).
MRI
MRI is considered the gold standard, as it is the best at detecting bone edema and stress reaction which may occur prior to stress fracture. Navicular stress reactions present with similar symptoms as stress fractures, but lack an obvious fracture line on CT. By detecting such stress reactions early, steps may be taken to prevent the stress reaction from progressing into a full-blown stress fracture. MRI has the additional advantage of avoiding radiation exposure.
CT
CT plays an important role in pre-operative planning, as it provides the best visualization of the fracture line. Using the aforementioned CT-based classification system designed by Saxena et al., navicular stress fractures can be divided into separate groups with associated treatment schemes [31] . CT may also help to identify sclerosis at the fracture edges which may portend a poorer prognosis and potential nonunion. Furthermore, CT can also be used to monitor healing. Dorsal cortical proliferation, which is typically the first radiologic sign of healing, can be seen as early as 6 weeks following the injury using CT [7] . Bony healing and consolidation is seen later, at around 3-4 months post-injury. Of note, repeat CT and MRI scans are often recommended to ensure positive signs of healing prior to return to sports.
Treatment Non-operative management
High healing rates of non-displaced navicular fractures have been reportedwith immobilization andprotectedweight bearingfor 6to 8 weeks [2] . However, the study includes patients diagnosed by bone scan which could simply be stress reactions typically expected to improve with non-operative treatment. Furthermore, the study lacks confirmation of healing on cross-sectional imaging. A more recent study provided more support for the non-operative treatment of navicular stress fractures with 19 of 22 patients going on to return to sport at an average of 5.6 months after injury; CT confirmation of fracture healing in these cases was also not presented [20] . Furthermore, the authors discuss that there remained a fracture line in some cases but that athletes were still able to return to activity withoutsymptoms.The longevity of an athletic career in a patient with an asymptomatic persistent fracture line is yet unknown. Non-operative treatment of a navicular stress may be an option in patients with an incomplete fracture or type 1 in the Saxena classification. Aside from immobilization and restricted weight bearing, there are other non-operative treatments that can be utilized alone or in conjunction with surgical treatment.
Bone stimulator
When treating non-operatively, utilizing a bone stimulator as an adjunctive modality does not seem to pose any harm, but the benefit has not been proven. Several randomized, controlled trials have demonstrated faster fracture healing of the distal radius and tibial fractures with the use of low-intensity pulsed ultrasound compared to placebo (Heckman et al. JBJS 1994, Kristiansen et al. JBJS 1997). A recent randomized controlled trial failed to show a benefit of capacitively coupled electric fields when used for medial tibial stress fractures, except in the more severe cases [34] . The authors suggest that use of low intensity pulsed ultrasound bone stimulators in elite athletes is reasonable to potentially accelerate the healing time to some degree.
Shock wave therapy
Shock wave therapy (SWT) is increasingly popular for the treatment of tendonitis and other soft tissue conditions, although it was originally described to treat bony conditions after increased bone formation was seen at the time of lithotripsy procedures [35] . There are multiple studies supporting its use in the treatment of fracture nonunions, but little literature supporting use in stress fractures [36] [37] [38] [39] [40] [41] [42] [43] . The procedure is safe and fast and is a useful adjunct when treating navicular stress fractures operatively and non-operatively. Prospective, randomized studies are needed to better delineate the advantages of using SWT.
Vitamin D supplementation
Vitamin D supplementation has significant support in the literature in the setting of stress fractures. In an osteoporotic rat model, vitamin D3 supplementation resulted in biomechanically improved callus formation at the fracture site as compared to rats without supplementation [44] . A prospective, randomized, placebo-controlled trial found a 20% reduction in stress fracture incidence when female Navy recruits were given 2000 mg calcium and 800 IU vitamin D supplementation over a period of 8 weeks [45] . The general consensus is that Vitamin D and calcium supplementation aid in fracture healing, although the exact reasons are not elucidated in the literature as of yet [23•] .
Teriparatide
Teriparatide is a recombinant human PTH that stimulates osteoblasts to generate new bone when given intermittently [46] . Use in treatment for osteoporosis has been successful, and there is now some literature to support its off-label use in treating fractures and nonunions [47] . A randomized, controlled trial in rats of intermittent recombinant PTH administration demonstrated improved quality and strength of the fracture callus that was sustained even after the medication was discontinued [46] . In a small randomized, placebo-controlled trial, premenopausal women with acute lower extremity stress fractures treated with recombinant parathyroid hormone had increased bone formation markers and better healing on MRI [48•] . The medication was administered via daily injections of 20 μg. Acceleration of healing with PTH treatment was not supported by this study, although the trend was identified ina large randomized controlled trial evaluating the healing of women with distal radius fractures [47] . In rat studies exposed to high doses of this medication, osteosarcoma was frequently seen as an adverse effect [49] . However, as of 2012, no patient with osteosarcoma had been exposed to teriparatide treatment [50] . Teriparatide administration may be a safe adjunct to both operative and non-operative treatment to encourage healing of navicular stress fractures in select difficult cases.
Operative management
Surgical treatment of navicular stress fractures is generally preferred in elite athletes and patients with high functional demands. Fitch and colleagues described an "uncertainty" of non-operative management as they observed that navicular stress fractures were slow to heal and frequently went on to nonunion [8] . They also observed that athletes with partial fractures seen on CT would typically experience significant improvement with rest, only to become symptomatic again upon return to play. Of 37 navicular stress fractures, 19 (51%) failed non-operative treatment and underwent bone grafting with good results; average return to sport was 8 months [8] . In a more recent study, Mallee et al. demonstrated an earlier return to sport at 16.4 weeks in patients treated operatively compared to 21.7 weeks when treated nonoperatively in a cast for 6 weeks [1•]. Khan et al. described a return to sport at 3.8 months after surgery as compared to 5.6 months when treated non-operatively [20] .
Bone marrow aspirate concentrate
Bone marrow aspirate concentrate (BMAC) is also described as an adjunct in the operating room and can be infused at the fracture site to augment healing. A recent technique was published describing injection of BMAC through a partially inserted cannulated screw filled with bone wax in order to infuse the fracture site with progenitor cells and growth factors [51] . The use of BMAC has been shown to improve osteogenesis in vitro and in vivo, although techniques are highly variable and concentration of progenitor cells is inconsistent among studies [52] . Further study on the use of BMAC in the setting of navicular stress fracture is indicated.
Author's preferred treatment algorithm
Type I fractures can be treated non-operatively with 6 weeks of strict non-weight bearing or with a single percutaneous 3.5-mm screw and earlier gradual weight bearing (see Fig. 1 ). Type II and III fractures are treated with ORIF using 1-to 2 3.5-mm screws (see Fig. 2 ), iliac crest BMAC, and autologous bone dowels obtained from the ipsilateral iliac crest. Anterior ankle impingement should be addressed at the time of surgery as this can limit ankle motion and increase stress in the area of the navicular fracture. Distal tibial cheilectomy can be done through a small open approach or arthroscopic depending on surgeon preference. Athletes may return to full activities when fracture healing is visualized on CT done at 10 weeks at the earliest.
Post-operatively, patients are strictly non-weight bearing for 6 weeks but may mobilize the ankle and the calf. If possible, bone stimulator and shockwave therapy is utilized and vitamin D supplementation is given to ensure a level over 40. CT scan is performed at 10 weeks with a goal of 100% union prior to release to high level athletics to diminish the risk of recurrent fracture. Incomplete healing is suboptimal but would be acceptable in a lower demand patient if asymptomatic.
Author's recommended surgical technique
Operative technique includes a dorsal approach to the navicular taking care to protect the superficial peroneal nerve and the deep neurovascular bundle (see Fig. 3a ). The fracture site is identified using an 18-gauge needle and then the fibrous material at the fracture site is debrided using a scalpel and dental pick (see Fig. 3b ). The sclerotic fracture edges can be drilled with a 0.045 K-wire to expose healthy bone. After successful debridement, there is typically a gap of several millimeters so autograft with or without BMAC can be added to augment healing. The trocar used to obtain bone marrow aspirate can be used to harvest dowels of cancellous bone from the iliac crest percutaneously (see Fig. 4 ). A single, 3.5-mm fully-threaded cortical lag screw by technique can be placed percutaneously from medial to lateral. Initially a guide wire is placed and the position is checked on fluoroscopy. Given that the fracture line is often subtle and difficult or impossible tosee usingstandard fluoroscopy,intraoperative CTscan can be performed to confirm good position of the guide wire relative to the fracture line and within the anatomy of the navicular bone (see Fig. 5 ) [53] . In cases of a complete fracture that is rotationally unstable, an additional 3.5-mm cortical screw can be placed.
Post-operative rehabilitation
The patient is immobilized in a post-operative splint for 2 weeks and then transitioned to a boot for early range of motion. The patient is non-weight bearing for a period of 6 weeks and then permitted to initiate gradual weight bearing as tolerated in the boot for the next 6 weeks. Functional rehabilitation is initiated with walker boot for weight bearing activity and the initiation of low-impact rehab such as cycling. Return to play is generally delayed until at least 6 months, but varies depending on recovery progress, overall clinical picture, and the demands of certain sports. Weight-bearing CT can be performed at 10 to 12 weeks to assess for definitive fracture healing and activities are progressed accordingly.
Outcomes
Patient outcome is variable although it does correlate with fracture severity [31] . Nonunion after operatively treated navicular stress fractures may be as high as 20% based on post-operative CT imaging [19•] . AOFAS and SF-36 scores are approximately 92 in cases that heal after surgery, but are in the low 70s in cases that go on to nonunion [19•] . McCormick et al. observed that the cases that went on to nonunion were complete and displaced fractures, whereas 100% of the partial navicular stress fractures went on to heal uneventfully. Sclerosis of the fracture edges is also thought to be a factor that suggests navicular nonunion. Of the complete, displaced fractures, only 50% went on to union; those that healed included the use of autologous bone grafting at the fracture site. This was not statistically significant but may be considered a trend supporting the use of autograft in these difficult fractures.
Return to sport
The stress fracture takes about 4 months to unite and return to sports is usually feasible around 5 months post-operatively [7] . Other studies have shown a return to sports at about 4 months post-operatively [1•, 54] . Given the poor vascularity and elevated risk of nonunion of these fractures, it is preferred to confirm fracture healing on cross-sectional imaging such as MRI or CT prior to allowing the patient to return to sports.
Prevention
Identifying those patients at the highest risk for stress fracture can help to focus treatment. As reviewed above, anatomic and biologic risk factors can both increase a patient's risk for stress fracture. There is some evidence to suggest genetic predisposition based on a work in 210 Israel Defense Force soldiers and 518 elite athletes evaluating genetic variability in the P2X7 receptor on osteoblasts and osteoclasts [55] . In the future, targeting these patients with treatment like Vitamin D supplementation could potentially reduce the incidence of stress fracture [45] .
Conclusion
Navicular stress fractures are prevalent in athletes and tend to have poor healing potential related to the unique anatomy and vascular supply. Although some cases can be treated non-operatively, there is a trend towards operative management to allow definitive healing shown on cross-sectional imaging and earlier return to play with low risk of reinjury. More research is necessary in the future to evaluate the use of adjunctive treatment such as BMAC, teriparatide, and Vitamin D supplementation.
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